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• Process  : p p → W W → ℓ ν ℓ ν  
• Mild excesses reported by ATLAS and CMS at  7 and 8 TeV 

measurements.    
• Discrepancy reduces slightly at NNLO but does not go away.  

NLO 3

√
s

TeV σLO σNLO σNNLO σgg→H→WW∗

7 29.52+1.6%
−2.5% 45.16+3.7%

−2.9% 49.04+2.1%
−1.8% 3.25+7.1%

−7.8%

8 35.50+2.4%
−3.5% 54.77+3.7%

−2.9% 59.84+2.2%
−1.9% 4.14+7.2%

−7.8%

13 67.16+5.5%
−6.7% 106.0+4.1%

−3.2% 118.7+2.5%
−2.2% 9.44+7.4%

−7.9%

14 73.74+5.9%
−7.2% 116.7+4.1%

−3.3% 131.3+2.6%
−2.2% 10.64+7.5%

−8.0%

TABLE I. LO, NLO and NNLO cross sections (in picobarn)
for on-shell W+W− production in the 4FNS and reference
results for gg → H → WW ∗ from Ref. [75].

decrease when moving from LO to NLO and NNLO.
Moreover, the NNLO (NLO) corrections turn out to ex-
ceed the scale uncertainty of the NLO (LO) predictions
by up to a factor 3 (34). The fact that LO and NLO
scale variations underestimate higher-order effects can be
attributed to the fact that the gluon–quark and gluon–
gluon induced partonic channels, which yield a sizable
contribution to the W+W− cross section, appear only
beyond LO and NLO, respectively. The NNLO is the
first order at which all partonic channels are contribut-
ing. The NNLO scale dependence, which amounts to
about 3%, can thus be considered a realistic estimate of
the theoretical uncertainty due to missing higher-order
effects.

In Figure 1, theoretical predictions in the 4FNS are
compared to CMS and ATLAS measurements at 7 and
8 TeV [5–8]. For a consistent comparison, our results
for on-shell W+W− production are combined with the
gg → H → WW ∗ cross sections reported in Table I.
It turns out that the inclusion of the NNLO corrections
leads to an excellent description of the data at 7 TeV and
decreases the significance of the observed excess at 8 TeV.
In the lower frame of Figure 1, predictions and scale vari-
ations at NNLO are compared to NLO ones, and also the
individual contribution of the gg → W+W− channel is
shown. Using NNLO parton distributions throughout,
the loop induced gluon fusion contribution is only about
35% of the total NNLO correction.

In the light of the small scale dependence of the 4FNS
NNLO cross section, the ambiguities associated with the
definition of a top-free W+W− cross section and its sen-
sitivity to the choice of the FNS might represent a sig-
nificant source of theoretical uncertainty at NNLO. In
particular, the omission of b-quark emissions in our 4FNS
definition of the W+W− cross section implies potentially
large logarithms of mb in the transition from the 4FNS
to the 5FNS. To quantify this kind of uncertainties, we
study the NNLO W+W− cross section in the 5FNS and
introduce a subtraction of its top contamination that al-
lows for a consistent comparison between the two FNSs.
An optimal definition of W+W− production in the 5FNS
requires maximal suppression of the top resonances in
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FIG. 1. The on-shell W+W− cross section in the 4FNS at

LO (dots), NLO (dashes), NLO+gg (dot dashes) and NNLO

(solid) combined with gg → H → WW ∗ is compared to re-

cent ATLAS and CMS measurements [5–8]. In the lower panel

NNLO and NLO+gg results are normalized to NLO predic-

tions. The bands describe scale variations.

the pp → W+W−b and pp → W+W−bb̄ channels. At
the same time, the cancellation of collinear singularities
associated with massless g → bb̄ splittings requires a suf-
ficient level of inclusiveness. The difficulty of fulfilling
both requirements is clearly illustrated in Figure 2 (left),
where 5FNS predictions are plotted versus a b-jet veto
that rejects b-jets with pT,bjet > pvetoT,bjet over the whole
rapidity range, and are compared to 4FNS results. In
the inclusive limit, pvetoT,bjet → ∞, the higher-order correc-
tions in the 5FNS suffer from a huge top contamination.
At 7 (14) TeV the resulting relative enhancement with
respect to the 4FNS amounts to about 30 (60)% at NLO
and a factor 4 (8) at NNLO. In principle, it can be sup-
pressed through the b-jet veto. However, for natural jet
veto values around 30 GeV the top contamination re-
mains larger than 10% of the W+W− cross section, and
a complete suppression of the top contributions requires
a veto of the order of 1 GeV. Moreover, as pvetoT,bjet → 0,
the (N)NLO cross section does not approach a constant,
but, starting from pvetoT,bjet ∼ 10 GeV, it displays a loga-
rithmic slope due to singularities associated with initial
state g → bb̄ splittings. This sensitivity to the jet-veto
parameters represents a theoretical ambiguity at the sev-
eral percent level, which is inherent in the definition of
top-free W+W− production based on a b-jet veto.

To circumvent this problem we will adopt an alterna-

NNLO : 1408.5243 
Gehrmann et al.

A tale of two Ws 



• Discrepancy also exists in shapes.  

NLO 3
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TABLE I. LO, NLO and NNLO cross sections (in picobarn)
for on-shell W+W− production in the 4FNS and reference
results for gg → H → WW ∗ from Ref. [75].

decrease when moving from LO to NLO and NNLO.
Moreover, the NNLO (NLO) corrections turn out to ex-
ceed the scale uncertainty of the NLO (LO) predictions
by up to a factor 3 (34). The fact that LO and NLO
scale variations underestimate higher-order effects can be
attributed to the fact that the gluon–quark and gluon–
gluon induced partonic channels, which yield a sizable
contribution to the W+W− cross section, appear only
beyond LO and NLO, respectively. The NNLO is the
first order at which all partonic channels are contribut-
ing. The NNLO scale dependence, which amounts to
about 3%, can thus be considered a realistic estimate of
the theoretical uncertainty due to missing higher-order
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In Figure 1, theoretical predictions in the 4FNS are
compared to CMS and ATLAS measurements at 7 and
8 TeV [5–8]. For a consistent comparison, our results
for on-shell W+W− production are combined with the
gg → H → WW ∗ cross sections reported in Table I.
It turns out that the inclusion of the NNLO corrections
leads to an excellent description of the data at 7 TeV and
decreases the significance of the observed excess at 8 TeV.
In the lower frame of Figure 1, predictions and scale vari-
ations at NNLO are compared to NLO ones, and also the
individual contribution of the gg → W+W− channel is
shown. Using NNLO parton distributions throughout,
the loop induced gluon fusion contribution is only about
35% of the total NNLO correction.

In the light of the small scale dependence of the 4FNS
NNLO cross section, the ambiguities associated with the
definition of a top-free W+W− cross section and its sen-
sitivity to the choice of the FNS might represent a sig-
nificant source of theoretical uncertainty at NNLO. In
particular, the omission of b-quark emissions in our 4FNS
definition of the W+W− cross section implies potentially
large logarithms of mb in the transition from the 4FNS
to the 5FNS. To quantify this kind of uncertainties, we
study the NNLO W+W− cross section in the 5FNS and
introduce a subtraction of its top contamination that al-
lows for a consistent comparison between the two FNSs.
An optimal definition of W+W− production in the 5FNS
requires maximal suppression of the top resonances in
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the same time, the cancellation of collinear singularities
associated with massless g → bb̄ splittings requires a suf-
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SM

Susy

• New physics hiding in plain sight? (ℓ ℓ + MET final state) 
• Could it be SUSY?  

W ∗

W
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110 GeV charginos!
D. Curtin, PJ, and P. Meade, 

Charginos hiding in plain sight 
[arXiv:1206.6888] 

• Any new physics charged under electroweak gauge group could 
possibly lead to such signatures. Other proposed explanations for the 
WW excess include sleptons and stops.

A tale of two Ws 



• Could the WW excess have a QCD explanation?   
• Cross-section reported : p p → W W + X  

X are all hadronic final states i.e. inclusive measurement 

• Actual measurement : p p → W W + X’ 
X’ are some hadronic final states that pass jet-veto condition. 

Measured Jet-veto 
Cross-section 

Reported Inclusive 
Cross-section 

Monte-Carlo

A tale of two Ws 

Do we have a good theoretical understanding of MC? 
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Figure 1: (a) Comparison of data and MC as a function of jet multiplicity by the ATLAS experiment

at
p
s = 8TeV run [3], for events passing the selection criteria (except jet-veto) as required by the

W+W� cross-section measurement.

(b) NLO cross-sections for qq̄ ! W+W� at
p
s = 8 TeV LHC run, as a function of pvetoT obtained

using MCFM. The blue (or green) hatched region corresponds to scale variation by a factor of 1/2

and 2 around the central value of µr = µf = m
W

(or pvetoT ).

(c) Same as (b) but the scale variation in the red hatched region is calculated using the procedure

described in [32].

the two choices of scales not only have large uncertainties but also yield results incompatible with

each other. One might be tempted to say the error bands are much smaller and the results for

the two scale choices seem to converge in the range pvetoT ⇠ 20 – 30 GeV that is actually used by

the aforementioned ATLAS and CMS studies. However, as we have already warned above, this

seemingly small uncertainty is just an artifact of cancellations between the virtual corrections and

real emissions.

Large cancellations of this kind are well known in the literature, and we briefly summarize the

arguments presented in [32]. Defining ��N

to be the cross-section with the number of jets � N ,

one may parametrize the total inclusive cross-section ��0 and the 1-jet inclusive cross-sections

��1(pvetoT ) with at least one jet with pT > pvetoT as

��0 = �B

✓
1 +

1X

n=1

c
n

↵n

s

◆
,

��1(p
veto
T ) = �B

1X

n=1

2nX

m=0

d
n,m

↵n

s L
m ,

(1.1)

where �B is the tree-level cross-section and L ⌘ log
⇥
M2/(pvetoT )2

⇤ � 1. The 0-jet inclusive cross-

section ��0 does not have any large logarithms, as there is only one mass scale M in the problem

so we can simply set µ ⇠ M . Since the inclusive NLO K-factor to WW production is ⇠ 1.6,

the coe�cient c1 is large. On the other hand, the 1-jet inclusive cross-section ��1 is given at

NLO by ��1 ' �B ↵s (d1,2L2 + d1,1L + d1,0), which can again be large due to the presence of
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Measured Jet-veto 
Cross-section 

Reported Inclusive 
Cross-section 

WW signal
Top background

Disagreement in 
 the 0-jet bin

Monte-Carlo

A tale of two Ws 

Two methods to test MC



p p → W W

Inclusive Jet-veto

Logs at  
higher orders

Choice of μ to 
minimize logs μ ~ MWW

No choice of μ 
Large logs of the form  

            remain 

Scales in  
the problem MWW pTveto, MWW

Method I : Jet Veto Resummation
• Origin of large jet veto logs : 



Method I : Jet Veto Resummation
• Our approach: Calculate jet-veto cross-section analytically by 

resummation at NNLL using SCET without relying on MC.                                         
[arXiv:1407.4537 : PJ and T. Okui] 

• Factorization of cross-section : 

Hard function Beam functionsSoft function
• Beam functions have divergences (rapidity divergences) 

which are not regulated by dimensional regularization 
• We introduce the following analytic regulator  

Splits the phase space integrals into regions of different rapidities



Method I : Jet Veto Resummation
• Corresponding to rapidity regulator exists a rapidity renormalization 

group (RRG) equations, just as there exists RG equations 
corresponding to dim reg regulator μ. 

• Formulation of RRG with analytic regulator had been missing in the 
literature. We address this issue [arXiv:1506.07529 : PJ and Takemichi 
Okui].

With RRG Without RRG

Jet radius 
R=1

More robust scale uncertainties using RRG (central value unchanged). 



• Comparison with MC+Parton shower

*without π2 Resummation

Madgraph 
+Pythia

MC@NLO 
+Herwig

Powheg 
+Pythia

Method I : Jet Veto Resummation



• Reweight MC : 

• Discrepancy between pT (WW) distribution shapes from NNLL                 
pT-resummation and MC [arXiv:1407.4481, P. Meade et al.]  

Method II : pT Resummation
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Figure 6: Plot of Resummation predicted and MC+shower predictions forW+W� transverse
momentum distributions at 8 TeV. The shaded region represents the scale Q variation by a
factor of 2 relative to the central scale choice Q = mW for the resummation prediction.

performed by the LHC experiments. An example of the cuts implemented by the ATLAS
measurement at 7 TeV is reproduced below in Table 1. The cuts from CMS are quite similar,
the jet veto as we will show turns out to be the most important e↵ect, and CMS has a jet
veto of 30 GeV compared to 25 GeV for ATLAS. We comment on this slight di↵erence in
Section 4, however, since CMS hasn’t produced a plot of the pT of the W+W� system
similar to ATLAS, we adopt the ATLAS cuts when demonstrating the e↵ects of using the
pT resummed reweighted distributions. Pythia8 was used with default tuning and since all
our results are shape dependent, the reweighting procedure should be performed again using
our resummation-theory curves when using a non-default pythia8 tuning.

Exactly two oppositely-sign leptons, pT > 20GeV, pT leading > 25GeV
mll0 > 15, 15, 10GeV (ee,µµ,eµ)

|mll0 �mZ | > 15, 15, 0GeV (ee,µµ,eµ)
Emiss

T,Rel > 45, 45, 25GeV(ee,µµ,eµ)
Jet Veto 25GeV
pT ll0 > 30GeV

Table 1: ATLAS cut flow for 7 TeV analysis [1]

3.1 Reweighting Results

We perform the reweighting as described above using a central scale Q = mW as well as
varying the resummation scale Q up and down by a factor of 2 while keeping µR and µF

10

correlations among the two observables. Indeed at O(↵2

s), the di↵erence d�(pvetoT )/d ln pvetoT �
d�(pT )/d ln pT is purely a function of R up to power-corrections5 i.e. the di↵erence in the
logarithmic terms comes entirely from jet-clustering e↵ects [32]. Although this does not
constitute a rigorous proof, it lends credence to pT reweighting technique as a means of
estimating jet-veto e�ciency.

Finally, we comment on underlying events (UE) or soft-physics, which is known to ef-
fect non-inclusive observables, such as pT distributions or jet-multiplicity. Some sources of
soft-physics can be captured perturbatively via resummation, however NP e↵ects such as
hadronization (characterized by scale ⇤ <⇠ GeV), although not calculable in perturbation
theory, appear as power suppressed terms O(⇤/pvetoT ) in SCET when the beam functions are
operator product expanded on to parton distribution functions (PDFs). Following [33], we
parametrize NP e↵ects for the jet-veto calculation by substituting g(µ) in Eq 2.2 with

g(µ) ! g(µ)� 1

2

⇤

pvetoT

. (2.5)

3 Reweighting MC events and Applications

Each of the resummation methods outlined in the previous sections makes an accurate pre-
diction for a unique di↵erential variable. For transverse momentum resummation it is the
transverse-momentum of the diboson, while for jet veto resummation, it is the cross section
of the zero-jet bin. Both methods are more accurate for their corresponding di↵erential ob-
servables than combining a fixed order calculation with a parton shower, however inherently
they are inclusive with respect to other observables. As a result it is impossible to get a fully
di↵erential cross section solely from either of these resummation schemes. Theoretically this
is fine, but the most important question is how to compare to experimental results. To do
so would require the unfolding of experimental events to make a prediction for a theoretical
observable. This leaves the results susceptible to inherent biases in the original events used to
simulate the results which are then inverted to define an unfolding for experimental results.
A much more straightforward procedure is simply to provide experiments with MC events
that they can pass through their own detector simulations and compare directly to data.
This is impossible with just the results of the resummation calculations, however a theo-
retical solution that avoids unfolding data is to reweight monte carlo events. Reweighting
techniques have been used in multiple experiments, and have been used both for reweight-
ing to theoretical calculations as well as reweighting distributions based on experimental
data. For the purposes of this paper reweighting simply amounts to the following. Given
a particular di↵erential direction denoted by ⇠ predicted from resummation, the resummed
distribution is binned and a reweighting function is defined by

F[⇠] =
Resummed bin[⇠]

MC bin[⇠]
. (3.1)

5Power corrections are non-singular terms in the limit pT ! 0 or pvetoT ! 0. Such terms are expected to
be small as they are suppressed by powers of pT /M or pvetoT /M
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• New CMS 8 TeV analysis [CMS-PAS-SMP-14-016] reweights MC to 
correct for the pT distribution. 

Measured Jet-veto 
Cross-section 

Reported Inclusive 
Cross-section 

Monte-Carlo

9

Table 2: Signal efficiency for the four event categories used in the pp ! W+W� cross section
measurement. The values reported are a product of the detector geometrical acceptance and
the object reconstruction and event identification efficiency. The statistical uncertainty is from
the limited size of the MC samples.

Event category Signal efficiency (%)

0-jet category Different-flavor 3.02 ± 0.02 (stat.) ± 0.22 (syst.)
Same-flavor 1.21 ± 0.01 (stat.) ± 0.09 (syst.)

1-jet category Different-flavor 0.96 ± 0.01 (stat.) ± 0.11 (syst.)
Same-flavor 0.34 ± 0.01 (stat.) ± 0.04 (syst.)

The cross section is measured separately in events with same- and different-flavor leptons, and
in events with exclusively zero or one reconstructed and identified jets. The four event cate-
gories are combined by performing a profile likelihood fit to the data following the statistical
methodology described in [43, 44]. Systematic uncertainties are incorporated in the analysis
via nuisance parameters that are treated according to the frequentist paradigm. Table 3 lists the
observed number of events and expected signal and background yields in each category.

Table 3: Data, signal and background yields for the four different event categories used for
the pp ! W+W� cross section measurement. The reported uncertainties include both the
statistical and systematic components.

Process 0-jet category 1-jet category
Different-flavor Same-flavor Different-flavor Same-flavor

qq ! W+W� 3516 ± 271 1390 ± 109 1113 ± 137 386 ± 49
gg ! W+W� 162 ± 50 91 ± 28 62 ± 19 27 ± 9
W+W� 3678 ± 276 1481 ± 113 1174 ± 139 413 ± 50
ZZ + WZ 84 ± 10 89 ± 11 86 ± 4 42 ± 2
VVV 33 ± 17 17 ± 9 28 ± 14 14 ± 7
Top-quark 522 ± 83 248 ± 26 1398 ± 156 562 ± 128
Z/g⇤! `+`� 38 ± 4 141 ± 63 136 ± 14 65 ± 33
Wg⇤ 54 ± 22 12 ± 5 18 ± 8 3 ± 2
Wg 54 ± 20 20 ± 8 36 ± 14 9 ± 6
W + jets(e) 189 ± 68 46 ± 17 114 ± 41 16 ± 6
W + jets(µ) 81 ± 40 19 ± 9 63 ± 30 17 ± 8
Higgs 125 ± 25 53 ± 11 75 ± 22 22 ± 7
Total bkg. 1179 ± 123 643 ± 73 1954 ± 168 749 ± 133
W+W� + Total bkg. 4857 ± 302 2124 ± 134 3128 ± 217 1162 ± 142
Data 4847 2233 3114 1198

The distributions of the leading lepton pT, p`T, max; the pT of the dilepton system, p``T ; the dilep-
ton invariant mass, m``; and the azimuthal angle between the two leptons, Df``, are shown in
Figs. 1 and 2 for the 0-jet and 1-jet categories.

The data sample corresponds to an integrated luminosity of L = 19.4 ± 0.5 fb�1. The W+W�
production cross section in pp collision data at

p
s = 8 TeV is measured in the individual

channels as shown in Table 4.

The experimental and theoretical uncertainties on the event selection as well as the uncertainty
on the integrated luminosity are reported separately. The combined result is measured to be:

sW+W� = 60.1 ± 0.9 (stat.) ± 3.2 (exp.) ± 3.1 (th.) ± 1.6 (lum.) pb. (2)

The result is within one standard deviation of the NNLO theoretical prediction of 59.8+1.3
�1.1 pb [4].
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Figs. 1 and 2 for the 0-jet and 1-jet categories.

The data sample corresponds to an integrated luminosity of L = 19.4 ± 0.5 fb�1. The W+W�
production cross section in pp collision data at

p
s = 8 TeV is measured in the individual

channels as shown in Table 4.

The experimental and theoretical uncertainties on the event selection as well as the uncertainty
on the integrated luminosity are reported separately. The combined result is measured to be:

sW+W� = 60.1 ± 0.9 (stat.) ± 3.2 (exp.) ± 3.1 (th.) ± 1.6 (lum.) pb. (2)

The result is within one standard deviation of the NNLO theoretical prediction of 59.8+1.3
�1.1 pb [4].Theory : 

pT resummation  
Reweight

• Some correlations between jet-veto and pT of the WW system 
captured by pT reweighting technique. 

Method II : pT Resummation



Comparison of two methods

• Jet-veto resummation : Guaranteed to get the correct total jet-
veto cross-section but provides no information on the pT shape. 

• pT resummation : Guaranteed to get the correct pT shape for the 
total cross-section but relies on MC for jet-binning. 

• Main source of discrepancy between two methods (~ 5-9%) is 
that method I employs π2 resummation which also increases the 
inclusive cross-section while method II  fixes the inclusive 
cross-section to fixed-order.   

• Incidentally, increase in cross-section from π2 resummation 
effect in method I  is very similar to that from NNLO.  



Comparison of two methods
• For apples to apples comparison, use the same PDFs, scales, 

etc. [arXiv:1509.07118 : PJ, Patrick Meade and Harikrishnan Ramani]

8 TeV 14 TeV

(MC reweighted  
with pT of WW)



Comparison of two methods

R=0.4 R=0.5 R=1

(MC reweighted  
with pT of WW)

• Better agreement between the two methods for large R. 



Comparison of two methods

R=0.4 R=0.5 R=1

• But MPI effects also big at large R. 



• Inspired by pT-reweighting technique, we consider a new 
reweighting technique using of pT of the leading jet instead of 
pT of the WW system. 

• The basic idea is to get the pT shape of WW in the 0-jet bin 
using jet-veto resummation relying on the correlation between  
pT(WW) and pT(leading jet).    

• However, correlation worsens at low pT. 

Comparison of two methodsFigure 1: For
p

s = 8 TeV and R = 0.4 anti-kT jet algorithm, in the left hand panel d�/dpjT
is plotted. For the distribution shown in blue, errors come from scale variations without
NP factors, in red ⇤NP = 500MeV uncertainties are included. In the right hand panel, the
fractional uncertainty of d�/dpjT from scale variation relative to the central scale choice is
shown with and without NP uncertainties.

and further, devise methods to systematically quantify the NP corrections, there is still the
problem of poor correlation between pjT and pWW

T at low pT . This is quantified in Figure 2
where we plot the di↵erence between pjT and pWW

T as a percentage of pWW
T ie.

⇢(pT ) =
h|pjT (pT )� pT |i

pT
(3.2)

where pT refers to pWW
T . For the above reasons we conclude that the naive two-bin reweight-

ing method is the safest way forward if reweighting with jet-veto resummation has to be
employed.

Both pT and jet-veto reweighting methods have their own advantages and disadvantages.
In pT reweighting, all jet dependent e↵ects are inherited completely from the underlying
MC given that pT resummation sums over all gluons and is fully inclusive. This makes it
impossible to estimate systematics on the jet-vetoed cross section from a purely theoreti-
cal viewpoint alone. However, it does mean that in principle there should be even better
agreement comparing the jet-vetoed cross section defined through pT reweighting, with the
jet-veto resummation calculation. This is because the R dependent di↵erences discussed in
Section 2 between the pT and jet-veto resummation calculations are an upper bound on the
error. The agreement or lack thereof for jet quantities will be the di↵erence between the
jet-veto resummation and whatever accuracy (even if hard to define) of the underlying par-
ton showered MC events. This allows for, in principle very reliable predictions of jet-based
quantities while simultaneously allowing for the best predictions of pT shapes at even very
small pT where non-perturbative e↵ects can be systematically accounted for.
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• Also, non-perturbative and MPI 
effects at low pT lead to large 
uncertainties.  

• Therefore, we simply use two-bin 
reweighting in pT of the leading 
jet.



Comparison of two methods

8 TeV 14 TeV

(MC reweighted  
with pT of WW)

(MC reweighted  
with pT of leading jet)



Summary
• WW is an important background for Higgs studies and 

new physics searches. 
• Jet veto in WW channel is often essential for suppressing 

top backgrounds.  
• Jet veto logs can be large and need to be resummed. 
• Two methods for resummation : Jet-veto resummation and 

pT resummation followed by reweighting.  
• Good agreement between two methods demonstrated 

and a new reweighting technique proposed.  
• Analysis should be extended to other diboson channels 

for better understanding.      


